2. Experimental procedure
Precasting
The alloys were prepared using high purity aluminum, and titanium and boron were supplied using a commercial master alloy of Al-5.65mass%Ti-1.8mass%B. The composition of these materials is given in Table 1 . The temperature of the molten metal was maintained within ± 2K by a PID type controller. Each melt was cooled at about 1K/s, stirred for 60s prior to casting, then cast into a steel mold, whose cavity was 35mm in inner diam. and 80mm in height.
The nominal compositions of the samples were Al-0.02%Ti-0.006%B, Al-0.03%Ti-0.01 %B and Al-0.05%
Ti-0.017%B (all expressed in mass percent). from the bottom to the top of the mold wall at 22mm intervals. 3. Results and discussion 3.1 Compounds in the Al-Ti-B master alloy Fig. 2 shows the microstructure of the master alloy and its X-ray image of compounds which were analyzed by XMA. The rod-like crystals were TiAl3, the polygonal crystals were B4C, and the small granular crystals around the polygonal ones were TiB2. 3.2 Solidified structures of the precast ingots Fig. 3 shows the typical macrostructures of ingots precast at 973K in the chilled mold, after holding at a specified temperature for a specified time. Equiaxed and columnar crystals were observed in Al-0.02%Ti-0.006%B alloy, but in aluminum ingots containing 0.03%Ti-0.01%B or 0.05%Ti-0.017%B alloys, only equiaxed crystals were observed. The grain refining effect was greater as the amounts of Ti and B added were increased. This indicates Fig . 6 shows the macrostructures of ingots unidirectionally solidified from the bottom up after remelting of the precast ingots shown in Fig. 3 . Fig. 7 shows the typical cooling curves of Al-0.03%Ti-0.01%B alloy ingot at different heights in the mold wall during the directional solidification. Cooling curves show that the solidification proceeded continuously from the bottom to the top of the mold. Fig. 8 shows the microstructures of the ingots shown in Fig. 6 Macrostructures of Al-Ti-B alloy ingots obtained by remelting and unidirectinally solidifing the precast ingots shown in Fig. 3 .
Unidirectional solidification
Al-0.05%Ti-0.016%B. Fig. 7 Cooling curves of A-0.03%Ti-0.01%B alloy unidirectionally solidified from the bottom. Fig. 6(d) . Foreign substances were distributed throughout the ingot. The substances in the lower area of the ingot generated dendrite crystals. Fig. 9 and Fig. 10 show enlarg- ed views of the foreign substances in Fig. 8 , and the result of an X-ray line scanning analysis using XMA. It is obvious that each substance was an aggregate of small particles, and that these components were Ti and B which were also observed in the precast structures.
In the Al-0.02%Ti-0.006%B alloy, each ingot exhibited only a columnar crystal structure. We believe that TiAl3 and TiB2 were easily dissolved in the molten aluminum because the master alloy was added in small amounts. However, a few ingots exhibited some equiaxed crystals at the top of the ingot. These equiaxed crystals were caused by showering of crystals because of the heat extraction from the top surface.
For the Al-0.03%Ti-0.01%B alloy held at 1073K for 7200s, however, the ingot exhibited a columnar-equiaxed transition structure. This equiaxed zone was formed as if constitutional undercooling had occurred. However, through microscopic observation, foreign substances consisting of TiB2 were also found in the columnar crystal zone in the lower part of ingot, and the columnar dendrites originated from these substances. This shows that the ingot was held at maximum temperature and time in the present experiment so that the residual TiB2 decreased. In addition, the temperature gradient near the cooling end was so great that the dendrite crystals grew from the TiB2 in a direction opposite to the flow of heat. In contrast, in the upper part of Fig. 9 Enlargement of foreign particles shown in Fig. 8(b) . Fig. 10 Concentration of Ti and B by an X-ray line analysis of foreign particles shown in Fig. 8(b) .
the ingot, the temperature gradient was so low that the equiaxed crystals were grown spherically from the TiB2.
All ingots of Al-0.05%Ti-0.016%B alloy consisted wholly of equiaxed crystals independent of the holding conditions of the precast ingots. Motegi and Ohno14) have reported that the crystals existing in the molten metal are the nucleating site where new crystals are formed, based on direct observation of the solidification process of some eutectic alloys; that is, when in a binary eutectic system alloy of which the phase of the primary crystals agrees with the leading phase of eutectic, equiaxed eutectic grains are formed on the primary crystals and grow radially at the eutectic temperature. In the Al-Ti-B peritectic system alloy, the primary crystal reacts with liquid and a new crystal is formed. In this case, the primary crystal is the nucleation site of the new crystal. Hence, it is considered that residual TiB2 crystals in the molten aluminum could become nucleation sites even if no peritectic reaction occurs. 
Cast structures after remelting of unidirectionally solidified ingots
Unidirectionally solidified Al-0.02%Ti-0.006%B alloy ingots which consisted of only columnar structures were remelted and cast in the chilled mold. Fig. 11 shows the typical macrostructurs. Note that the equiaxed crystals appear again. This result suggests that crystal separation occurred because the molten alloy was cast. Based on the present work, the grain refining mechanism in continuous casting of industrial aluminum alloy ingots is as follows. The master alloy which serves as the grain refiner is usually a rod with about 10mm in diameter (Rod-type hardener). This procedure is a modification of the previous one, in which an ingot (Waffle-type hardener) was added into the molten alloy in the furnace. The rodtype hardener has a greater grain refining effect. This suggests that the shorter the holding time before casting, the more effectively the grain of the ingot is refined, because the dissolving of TiB2 and TiAl3 into the molten aluminum is As a result, there are two grain refining mechanisms which occur in the continuous casting of aluminum alloy as shown schematically in Fig. 12 . In one case residual Ti compounds become the nucleation sites as shown in Fig. 12(a) .
In the other case, crystal separation occurs, as shown in Fig. 12(b) . To apply these mechanisms to casting techniques, fine TiB2 crystals contained in a master alloy should be uniformly distributed in the molten aluminum. In addition, crystal separation before the formation of a stable solid shell on the mold wall can be accelarated by mechanically vibrating or stirring the molten aluminum.
Conclusions
The present work was conducted to determine the grain refining mechanism of aluminum ingots when an Al-Ti-B master alloy is added. Precast ingots which contained various concentrations of Ti and B were made. These ingots were remelted and solidified unidirectionally from the bottom to avoid imparting a fluid motion. Unidirectionally solidified ingots which consisted only of columnar structures were remelted and cast in the chilled mold. The results obtained are as follows:
(1) As the amount of Ti and B increases in the precast ingots, more grain refining is obtained.
(2) In the unidirectional solidification in which no effective fluid motion occurs, primary TiB2 crystals, which (3) In remelting and casting ingots consisting of columnar crystals, the equiaxed crystals which formed on the mold wall are separated from the wall by a fluid motion imparted to the melt.
(4) The two grain refining mechanisms caused by addition of Al-Ti-B master alloy are important: residual Ti compounds and crystal separation from the mold wall caused by fluid motion imparted to the melt. After the Ti compounds have been dissolved into the melt, only the latter mechanism may be effective.
